We simultaneously measured pial arteriolar diameter and changes in cortical blood flow during acti vation of the somatosensory cortex by sciatic nerve stim ulation. The pial vasculature was visualized with a closed-cranial window technique in chloralose-anesthe tized rats (n = 13). Local blood flow was monitored with laser-Doppler flowmetry. During stimulation of the sci atic nerve (0.2 Y, 5 Hz, 20 s), vascular diameter and laser-Doppler flow consistently displayed similar re-
Cerebral activation by sensory stimulation is ac companied by adjustments of vascular resistance and blood flow in the activated region. We have previously developed a somatosensory stimulation model in the rat and characterized the dynamic re sponse pattern of pial arterioles supplying the hind limb sensory cortex during stimulation of the sciatic nerve (Ngai et aI., 1988) . During stimulation with low intensity (0.1-to 0.2-V), 0.5-ms pulses, we ob served a consistent pattern of pial arteriolar dilation that, after a delay of 1-2 s, rose to a peak of 30--40% of baseline, followed by a plateau dilation of lower magnitude. However, questions remain whether changes in pial arteriolar diameter truly reflect al teration in regional cerebral perfusion. Recently, Northington et al. (1992) , using laser-Doppler flow metry (LDF) , documented a parabolic response profile during sciatic nerve stimulation that differed from the response pattern reported by us. In the sponse profiles. With 0.5-ms stimulation pulses, the re sponses showed an initial peak followed by a smaller but sustained plateau dilation. In contrast, 5-ms pulses evoked a monotonically rising response. Our results sup port the concept that pial arteriolar diameter changes re flect cortical blood flow responses during somatosensory stimulation. Key Words: Cranial window-Laser-Doppler flowmetry-Pial circulation-Sciatic nerve-Somatosen sory cortex.
present study, we investigated this discrepancy by comparing LDF and pial arteriolar responses in our sciatic nerve stimulation model.
METHODS
Male Sprague-Dawley rats weighing 350--4 00 g were initially anesthetized with 1.5-2.0% halo thane. The right femoral artery and vein were can nulated for monitoring blood pressure, blood gas sampling, and intravenous drug administration. The animals were tracheotomized, immobilized with tu bocurarine chloride (1 mg/kg, i.v.), and mechani cally ventilated with a mixture of air and oxygen. Anesthesia was maintained with a-chloralose and urethane (50 and 500 mg/kg, respectively, i.p.). Rectal temperature was maintained at 37°C.
The animals were secured in a stereotaxic frame, and the pial vasculature on the right somatosensory cortex was visualized with a closed cranial window method as described in detail previously (Morii et aI., 1986; Ngai et aI., 1988) . The contralateral sciatic nerve was isolated, cut proximal to the bifurcation into tibial and peroneal nerves, placed on a pair of stimulating electrodes, and bathed in warm mineral oil. Pial vessel diameter was continuously moni-tored with a video dimension analyzer (Model 303; IPM Inc., San Diego, CA, U.S.A.) that tracks the width of the red blood cell columns on line. Cortical blood flow in the area adjacent to the arteriole where diameter measurement was being made was performed using a laser-Doppler flow probe (0.85mm diameter; TSI Inc., St. Paul, MN, U.S.A.) with a reported response time of 0.1 s and a detection volume of � 1 mm3 (Dirnagl et al., 1989; Haberl et aI., 1989) . Since LDF was sensitive to both the number and the velocity of red blood cells, care was taken to direct the probe away from large pial ves sels. The tip of the probe rested on the glass cover of the cranial window and is <2 mm from the pial surface. A green filter was placed in the optical pathway ahead of the TV camera to prevent light emitted by the LDF probe from affecting the image contrast. The sciatic nerve was stimulated with rectangular pulses of 0.2-V intensity and 5-Hz fre quency for 20 s. These parameters were chosen to optimize vessel response without affecting systemic blood pressure (Ngai et al., 1988) . Pulse duration was either 0.5 ms (n = 9) or 5 ms (n = 4). Re sponses to sciatic nerve stimulation were calculated as percentage increases in resting diameter or LDF. All values are expressed as means ± SD, and paired Student's t tests were performed.
RESULTS
The average arterial blood pressure and blood gas values of all animals (n = 13) were as follows: MABP, 124 ± 15 mm Hg; pH, 7.40 ± 0.03; Pco2, 34.9 ± 1.9 mm Hg; and Po2, 133.2 ± 14.9 mm Hg. These values were maintained stable throughout each experiment. There was no significant change in MABP during stimulation with either 0.5-or 5-ms pulses.
Pial arteriolar diameter
Low-intensity sciatic nerve stimulation with 0.5ms pulses caused pial arterioles to dilate in a previ ously described (Ngai et al., 1988) characteristic, pattern ( Fig. 1) , manifesting an early, rapidly rising peak, which subsequently declined to a smaller pla teau dilation that persisted for the remainder of the stimulus period. In contrast, stimulation with 5-ms pulses did not elicit an initial response peak but instead induced a sustained, monotonically increas- ing dilation that attained its maximal response at the end of stimulation. The responses to either modes of stimulation returned to baseline within 10 to 15 s. Vessel diameter and LDF responses are pooled and compared in Table 1 .
LDF response
LDF response profiles paralleled changes in pial arteri�lar diameter during stimulation with either 0.5-or 5-ms stimulus pulses (Fig. 1) . The temporal profiles are characterized as follows. With 0.5-ms pulses, we measured the times to reach peak re sponse, whereas with 5-ms pulses, the times to reach half-maximal responses were measured. As shown in Table 1 , there is no significant difference in response times between diameter and LDF mea surements.
DISCUSSION
Our results indicate that LDF responses parallel the changes in pial arteriolar diameter during sciatic nerve stimulation. Because LDF has been validated as an indicator of regional cerebral blood flow changes (Dirnagl et aI., 1989; Haberl et aI., 1989) , the present results suggest that pial arteriolar diam eter changes represent local cerebral perfusion re sponses during somatosensory stimulation.
In a previous study (Ngai et aI., 1988) , we have defined the optimal stimulus parameters for eliciting pial dilator responses during sciatic nerve stimula tion. In that study, we chose the stimulation param eters of O.5-ms pulse duration, 0.1-0.2 V, anQ 5 Hz because of the consistency of response and because of the lack of systemic blood pressure effects, which may confound data interpretation. By re stricting stimulus voltage to near-threshold levels, group I (and possibly some group II) nerve fibers are more likely to be activated than group III and C fibers (Sato et al., 1969) . Using the same stimulation conditions in the present study, we were able to observe a similar response profile as in our previous study (Ngai et aI., 1988) .
In contrast, Northington et al. (1992) recorded LDF responses to sciatic nerve stimulation and found a monotonically rising response pattern. Since their observation differed from our pial arte riolar response profile, Northington et al. suggested that pial vascular diameter may not reflect cortical blood flow responses. The stimulus parameters used by Northington et al. of 0.2 V and 5 Hz were similar to ours, but they did not specify pulse dura tion. Moreover, pial arteriolar diameter was not measured in their study. In the present study, we have simultaneously monitored LDF and pial arte riolar diameter during sciatic nerve stimulation with 0.5-ms pulses and found that both LDF and vessel diameter measurements revealed the same stereo typical pattern as we have previously described (Ngai et aI., 1988) . The responses were directionally and temporally correlated, suggesting that pial ar teriolar diameter paralleled changes in cortical blood flow. Other investigators have also recorded response profiles to visual (Conrad and Klingelho fer, 1989) and vibrissal (Irikura et aI., 1994) stimu lation that are similar to ours. The bases of the dif ferences between our results and those of N orthing ton et al. are not clearly evident. However, one possibility may be considered. The vascular re sponse to sciatic nerve stimulation is not immutable and could be altered by changes in stimulus param eter, as we have originally observed (N gai et aI., 1988) . In the present study, an increase in pulse duration from 0.5 to 5 ms evoked a rising response pattern that bore remarkable resemblance to that observed by Northington et al. Since the latter au thors did not specify pulse duration, one must con sider that this parameter may have been inadver tently set to 5 ms in their study. Nevertheless, even with the altered pulse duration of 5 ms, LDF con sistently reflected the changes in arteriolar diameter in our study.
Despite the present demonstration of a correla tion between pial arteriolar diameter and regional blood flow, the question remains whether surface vessel diameter changes may quantitatively predict flow responses in the cerebral cortex during so matosensory stimulation. In the skeletal muscle cir culation, Mayrovitz and Roy (1983) showed that flow within an arteriole in a vascular network is proportional to the third power of its internal diam eter. When this cubic rule was applied to the present data (Table 1) , however, we found in gen-eral a lack of agreement between measured (LDF) and predicted flow responses. There are several possible reasons for such a discrepancy. First, the cubic rule of Mayrovitz and Roy (1983) is based on the steady-state distribution of resistance in a vas cular network. During the pial arteriolar response to sciatic nerve stimulation, the distribution of cere brovascular resistance may not be in a steady state due to selective and/or sequential dilation of down stream vascular segments. For instance, at the peak phase of diameter response, flow velocity may ac tually decrease as diameter increases, thus leading to an overestimation of flow changes from diameter measurements. Second, the region monitored by LDF may not coincide with the area supplied by the pial arteriole being studied and may circumscribe both activated and non-activated tissue. Third, the response of parenchymal vessels monitored by LDF may differ in magnitude from the response of pial arterioles.
In summary, simultaneous measurements of pial vessel diameter and LDF showed that pial arteriolar diameter changes qualitatively reflected changes in cortical perfusion. With the optimal parameters of 0.1-0.2 V, 5 Hz, and 0.5-ms pulses, stimulation of the sciatic nerve evoked a consistent pattern of an initial peak followed by a plateau dilation. This pat tern is not immutable and may be drastically altered by changes in stimulus parameters, such as an in crease in pulse duration.
